Gadolinium is a competent neutron conversion material for neutron detection due to its extremely high neutron capture cross section. It differs from the other neutron reactive materials by emitting large amounts of low-energy electrons for the consequent signal generation in a detector. Such low-energy electrons, though abundant, are prone to be contaminated by internal and/or external gamma rays, such as the activated 43.0 keV K-X rays, given the high atomic number of gadolinium. While the 43.0 keV K-X ray ought to be rejected as it originates in part from the external gamma rays when neutron detection is concerned, the ability to separate this energy line from other signals points to a practical mode of gamma-ray detection by a thin-film semiconductor with gadolinium as a converter. In this paper, a gamma-ray discrimination scheme for neutron detection is studied, which also provides insight into gamma-ray detection with a small semiconductor device with gadolinium as a converter, in line with the same principle of isolating the K-X rays activated by high-or medium-energy gamma rays.
INTRODUCTION
Semiconductors have played a central role in the detection of forms of ionising radiation such as charged particles, gamma rays and neutrons. For the detection of neutrons, three neutron conversion media ( 10 B, 6 Li and 3 He) and their respective reaction channels [ 10 B (n, 4 He) 7 Li, 6 Li (n, 3 H) 4 He and 3 He (n, 1 H) 3 H] have been used exclusively in most neutron detection devices, either being doped or coated to a Schottky structure, a PN junction structure or a resistive type of semiconductor material (1) . The search for a better neutron conversion mechanism, however, including gadolinium (Gd), has never let up, due not only to the recent shortage of 3 He gas, but also to the desired high neutron detection efficiency. In this study, the issues associated with gamma-ray interference when using Gd as a neutron converter were investigated, and further a scheme using Gd as the conversion material for gamma-ray detection with a small volume semiconductor detector was suggested.
The efficiency achieved by using 10 B and 6 Li as a thin-layer coating in semiconductor detectors is normally between 5 and 10 %. Early research has shown a thermal neutron detection efficiency as high as 21.5 % for the 25 mm Gd foil converter (2) . This is mainly due to the high thermal neutron capture cross section of Gd, i.e. 49 000 barns for natural Gd, including 254 000 barns (3) for 157 Gd with a 15.65 % isotopic abundance. The main ionising quantum to produce signal after Gd neutron capture are those internal conversion (IC) electrons emitted in the range of 29 -182 keV. While it has been proved to be effectively detectable in semiconductor devices, for example, in an Si PIN diode (2) , the low-energy electrons' signal falls in the range of background signal induced by various internal and external gamma rays.
The high stopping power of Gd (Z¼64) also leads to the issue of inherent gamma-ray sensitivity. A Gd thin layer that is thick enough to ensure high probability of neutron capture will also produce significant 43.0 keV K-X rays from photon interaction, causing main interference to the weak neutron signal. Hence, a gamma discrimination scheme is indispensable for such a neutron detector and a gamma-ray rejection method when using Gd for neutron detection is thus studied in this paper. The study also provides insight into gamma-ray detection with Gd as a converter, based on the possibility of isolating the 43.0 keV K-X ray activated by gamma rays.
GADOLINIUM INTERACTION WITH NEUTRON
Unlike the neutron conversion reaction in 10 B, 6 Li and 3 He, where heavily charged particles with distinguished energies are emitted in generating subsequent signals in the detector, there are no ions emitted after a Gd atom captures a neutron. For example, the absorption of a neutron by a 157 Gd nucleus leaves the 158 Gd m in an excited state that releases energy through the emission of 7.9 MeV in 3.288 photons on average, as well as the competing IC electrons (4) , X-rays and Auger electrons. Depending on whether the IC is on the K, L, M or N shell, an electron will be emitted with energy in the range 29-182 keV. Although only 1 % of the neutron capture reaction energy is transported by the Auger and IC electrons, which accounts for 79 keV out of 7.9 MeV reaction Q-value, the energy deposition rate of Gd is still 2.3 times higher than that of boron due to its much higher cross section. The theoretical yields of Auger electrons and characteristic X-rays during the atomic relaxation of an excited Gd atom are observed using the atomic relaxation database in PENELOPE code package (5) , and are presented in Figure 1 , where their low-energy origins and main energy lines are shown. It is worth noting that the total number of prompt gamma rays from level transitions of daughter Gd nuclei after neutron capture is about 1543 (6) , some more favourable than others. The complicated spectrum of prompt gamma rays emitted following the thermal neutron capture in natural Gd (7) is shown in Figure 2 . Since they are mainly high-energy gamma rays, the contribution to the useful detector signals when passing through a small volume semiconductor can be neglected.
GADOLINIUM INTERACTION WITH GAMMA RAYS
The high stopping power of Gd (Z¼64) leads to the issue of an inherent gamma-ray sensitivity. There are two types of gamma rays that are of concern when using Gd as a neutron conversion material. The first is the external gamma-ray background that normally accompanies a neutron source or a neutron field. The second is the neutron activated internal prompt gamma-ray including the high yield of internal K-X rays at 43.0 keV from the Gd activation by gamma rays. If a thin-film semiconductor is used, it is virtually transparent to the high-energy gamma rays in the first and second type. However, in order to achieve high efficiency, for example, 32 % for 2200 m s 21 neutrons, a natural Gd converter of 12 mm is needed. The K-X rays production when photon interaction with such thickness is adequately high and may cause main interference to the weak neutron signal. Hence, a gamma discrimination method is required for Gd to be useful as a neutron converter material in a mixed neutron and gammaray field. The simulated K-X ray energy spectrum in a Si detector from a 500 keV photon beam interaction with a 12 mm Gd foil inclined at 458 is shown in Figure 3 , where the 43.0 keV energy line is clearly demonstrated.
Unlike the X-ray yield shown in Figure 1b , the Xray spectrum shown in Figure 3 does not include any L-shell X rays (6 -8 keV) but contains lines corresponding only to the K-shell X rays (Ka1-43.0 keV-the strongest line, Ka2-42.3 keV, Kb1-48.7 keV and Kb2-50.0 keV) (8) . This is because the L-shell ionisation cross section of Gd at 500 keV photon energy is only 1.15 barns compared with that of the K-shell at 8.18 barns. In fact, the K-shell photo ionisation cross section of Gd at photon energy as low as 60 keV is 2437.5 barns (9) . The K-X ray production cross section is 1828 barns at this energy. Therefore, the production of this K-X ray is quite significant and the results from simulation using the Monte Carlo N-particle transport code confirm the emission of K-X rays from Gd after gamma-ray activation.
THE GAMMA-RAY REJECTION SCHEME Two detectors with a Gd thin foil and a thin polyethylene layer placed in between the detectors were proposed for the rejection of gamma rays. While one detector will receive all of the primary and 
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secondary particles, another detector can be chosen so as to be completely blind to the IC electrons but open to the K-X rays. The difference in the signals from these two devices will then yield a neutron-only signal. The principle of the rejection scheme is shown in Figure 4 .
EXPERIMENTAL SET-UP AND INSTRUMENT CALIBRATION
An experiment was designed and performed to validate the aforementioned hypothesis. A mixed betagamma measurement was considered to serve as a proof of principle in the study of the discrimination method used here. To realise such a measurement, an experimental set-up comprising an in-house constructed aluminium vacuum chamber, mounting structures for the detectors and sources, and a digitiser-based multichannel data acquisition (DAQ) system from CAEN SpA was built. For comparison, an analogue nuclear instrumentation module (NIM) system from ORTEC was also used along with the digitiser-based DAQ system for system calibration. 
). Figure 4 . Schematic illustration of gamma-ray rejection using two semiconductor detectors sandwiching a Gd foil and a plastic separator.
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Before the mixed beta-gamma measurement, system calibration was carried out using a 241 Am radioactive source, which emits 5.486 MeV alpha particles, and a Si charged particle detector (ionimplanted) to evaluate the functionality of the instrumentation system used here. These energetic alpha particles have a range of 4.2 cm in air. If the particles suffer an energy loss before reaching the surface of the detector, the 5.486 MeV energy will not be deposited in the detector entirely. This leads to some energy smearing and broadening of the energy peaks in the output spectrum of the particles. By maintaining an ideal level of vacuum inside the chamber in these measurements, energy loss of the particles can be fully restrained. This means that a loss in energy resolution or degradation of the output spectrum should only arise from the characteristics of the detector or the acquisition system. Thus, a measurement of alpha particles of known energy serves as a calibration tool and ensures the desired functionality of the detectors in combination with the readout electronics, supported by an optimised energy spectrum. The conventional analogue spectroscopy system was employed to supply a reference to the digitiser response. The analogue NIM system from ORTEC offered specific shaping time constants for the pulse-shaping amplifier, whereas the digitiser required the pulse-processing parameters to be adjusted via firmware.
Inside the vacuum chamber, the alpha source and the detector were mounted vertically, facing each other with a separation span of just above 3 cm. A dry vacuum pump from OSAKA Vacuum Ltd produced a moderate to high vacuum inside the chamber. A thermocouple pressure gauge was connected to the vacuum chamber indicating a 10 mTorr pressure inside the chamber at which point negligible particle energy loss was ensured. The NIM measurement set-up consisting of a charge sensitive preamplifier and a shaping amplifier with a shaping time constant of 1 ms were connected to a multichannel analyser. The digitiser-based DAQ system consisting of a charge sensitive preamplifier and a multichannel digitiser, including field-programmable gate array (FPGA), were connected with a USB interface to the host computer. The required digital pulse processing algorithms were loaded by manufacturer-supplied firmware onto the FPGA boards. The trapezoidal digital filter was set up with a rise time of 1.2 ms and a flat top duration of 2.8 ms. The detector to be calibrated has a manufacturer claimed best energy resolution of 16.0 keV at 5.486 MeV from 241 Am if the experimental conditions follow the ORTEC standard NIM electronics and procedures. The acquired histogram data indicated an energy resolution of 16.0 keV for the 5.486 MeV peak in the spectrum, with no difference observed between an analogue and a digital spectroscopy. As shown in Figure 5 , the output spectra from the analogue and digital systems clearly differentiate the 5.486, 5.443 and 5.388 MeV peaks from a 241 Am alpha source.
MIXED BETA-GAMMA MEASUREMENT For this measurement, a 3.7Â10
5 Bq C-14 source (emits beta particles only) was chosen to produce a low-energy electron signal in the Si charged particle detector. Two such identical charged particle detectors from ORTEC were employed in this measurement. The beta particles from C-14 with a maximum energy of 156.5 keV deposit their full energy in a Si depletion region at a thickness larger than 164 mm. The 122 keV photons from a 3.7Â10 6 Bq Co-57 (emits gamma rays only) were used to surrogate the characteristic X-rays. The two sources and two detectors were placed inside the in-house made vacuum chamber on an aluminium mounting structure. The detector-source geometry is shown in Figure 6 , where the vacuum cover was removed to present the instrument. One of the detectors was shielded with a polyethylene cap ( 350 mm in thickness) that fully stops the beta particles from the C-14 
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source. The second detector was left unshielded and was thus responsive to both the beta particles and the photons from the Co-57 source. The multichannel digitiser-based DAQ system from CAEN was used for a simultaneous signal acquisition from two independent channels.
RESULTS
A mixed beta -gamma spectrum was observed from the unshielded detector. A gamma only spectrum was seen from the shielded detector. The gammaonly spectrum also included a back-scattering peak ( 83 keV) due to the photons scattered from aluminium inside the chamber. Furthermore, spectrum subtraction yielded a pure beta-only response, corresponding to the neutron signal from IC and auger electrons without the interference from K-X rays were Gd to be activated by neutrons (Figure 7 ).
CONCLUSION
The superior thermal neutron cross section of Gd makes it a good neutron converter material. The major disadvantage is it being a high Z material for greater interaction with the gamma rays when producing a neutron-induced signal in the form of IC and Auger electrons. A gamma-ray discrimination capability for the detector with Gd as a converter is needed. A proof-of-principle study is performed with a two-detector scheme for surrogating Gd's neutron response in a semiconductor detector. The study also provides insight into gamma-ray detection with Gd as a converter to transduce high-or medium-energy gamma rays to low-energy K-X rays. Subsequently, the detection of gamma rays is made possible using a thin-film type charged-particle semiconductor detector. Although the energy information of the gamma ray is unattainable with such a detection scheme, it is sufficient for many application scenarios where only the intensity of gamma rays is of interest. Further research into the use of Gd in a mixed neutron and gamma-ray radiation field in a prototype semiconductor device is ongoing.
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